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We revealed that the superconducting transition temperature T^ of the multi-component superconductor Sr 2 Ru 04 is 
enhanced to 3.3 K under in-plane uniaxial pressure that reduces the tetragonal crystal symmetry. This result suggests 
that new superconducting phases with a one-component order parameter are induced. We have also clarified the in¬ 
plane pressure direction dependence of the emergence of this higher-Tc superconducting phase; pressure along the [100] 
direction is more favorable than pressure along the [110] direction. This result is probably closely related to the direct 
shortening of the in-plane Ru-0 bond length along the pressure direction and the approach of the y Fermi surface to the 
van Hove singularity under Fikioo]. 


1. Introduction 

Sr2Ru04, with the transition temperature of 1.5 K, is 
a leading candidate for chiral-p-wave spin-triplet supercon¬ 
ductors.It is deduced from a number of experiments that 
the d vector describing its superconducting (SC) state has the 
form d - Azikx + iky) ^ 2 , 3 , 5 , 6 , 8,9 indicating that the spin and 
orbital parts satisfy 5 j. = 0 and - + 1 , respectively. The 
degeneracy of the k^ and ky states is a key for the realization 
of the chiral orbital state. This degeneracy is expected to be 
lifted, and a SC double transition occurs when the in-plane 
tetragonal symmetry of the crystal structure is broken by uni¬ 
axial pressure (UAP) or a magnetic field. " A phase with a 
one-component SC order parameter {kx or ky) is expected in 
a high-temperature region (Tc- < T < Tc+), whereas a chi¬ 
ral phase with a two-component complex SC order parameter 
[J.x{T)kx -H iAy{T)ky] is realized in the low-temperature region 
{0 < T < Tc-). If some magnetic energy is dissipated at the 
transition between the one-component and two-component 
SC phases, the imaginary part of the AC magnetic susceptibil¬ 
ity, xac, exhibits an anomaly at T^- as well as at 7 ’c+. Under 
an in-plane magnetic field, the possibility of SC double tran¬ 
sitions has been reported. However, recent thermal mea¬ 
surements*®'^ revealing the first-order SC transition without 
a clear second anomaly have suggested that the previously re¬ 
ported anomalies may have originated from the broadening 
of the first-order transition or from sample mosaicity. Thus, 
the existence of double transitions in the in-plane magnetic 
field is still unclear. Therefore, whether SC double transitions 
occur under UAP is essential for determining the SC order pa¬ 
rameter of Sr2Ru04. In other words, if double transitions are 
observed under in-plane UAP, it would be a crucial proof that 
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the SC order parameter of Sr2Ru04 has multiple components. 

Experimentally, of Sr2Ru04 is known to be sensitive 
to lattice distortion. For example, is suppressed by hy¬ 
drostatic pressure Phydro at a rate of c/T’c/'^Phydro = “ 0.2 
K/GPa.^"’^* On the basis of ultrasonic experiments and the 
Ehrenfest relation, is predicted to also be suppressed by 
the in-plane UAP along the [ 100 ] direction P||[ioo] at a rate 
of (llT^){dTJdPiioQf) = -( 0.85 + 0 . 05 ) GPa-' in con¬ 
trast, the enhancement of up to about 3 K is observed in 
Sr2Ru04-Ru eutectic crystals,in which superconductivity 
with higher Tc probably occurs in the Sr2Ru04 part around 
Sr2Ru04-Ru interfaces as a consequence of the strong lattice 
distortion due to lattice mismatch.A similar enhance¬ 
ment of Tc can be caused by out-of-plane UAP P||[ooi] in non 
eutectic Sr2Ru04.^^ However, because of the technical diffi¬ 
culties in directly measuring the effects of in-plane UAP and 
uniaxial strain, the effect of in-plane UAP on Sr2Ru04 has 
been under discussion^®’and the effect of in-plane uniaxial 
strain on Sr2Ru04 has been reported only recently.®" 

In this study, we have investigated the AC susceptibility of 
Sr2Ru04 under in-plane UAP along two directions, [ 100 ] or 
[ 110 ], to obtain hints for determining the SC order parame¬ 
ter of Sr2Ru04, whose orbital part is expected to have two 
components under ambient conditions. 

2. Methods 

Single crystals of Sr2Ru04 were grown by the floating- 
zone method with Ru self-flux.®* The directions of the crystal 
axes were determined by the Laue method. The samples for 
R||[ioo] and P||[iio] were cut from the same single-crystalline 
rod. Typical sample dimensions were 2.0 x 0.5 mm® in the 
plane perpendicular to the pressure direction and 0.5 mm 
along the pressure direction. The sample surfaces perpen- 
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dicular to the pressure direction were polished to be paral¬ 
lel to each other to improve pressure homogeneity. The side 
surfaces of a sample were covered with epoxy (Emerson- 
Cuming, Stycast 1266) to prevent the sample from breaking. 
To allow the epoxy to spread freely under pressure, sufficient 
space was maintained between the epoxy and the pick-up coil 
for AC susceptibility measurement, as shown in Fig. 1(a). 
UAP, but not uniaxial strain, was achieved with this config¬ 
uration. 

UAP was applied along the [100] or [110] direction at room 
temperature using a piston-cylinder-type pressure cell.^^’^^“^'* 
No pressure medium was used. All the inner parts were made 
of Cu-Be alloy, whereas the outer body was made of polyben¬ 
zimidazole (hard plastic) to avoid eddy current. The pressure 
was monitored using a strain gauge. 

The AC susceptibility ;k"Ac(7’) = x'iT) - ix"(T) was mea¬ 
sured by a mutual inductance method using a lock-in amplifier 
(Stanford Research Systems, SR830) and a ^He cryostat (Ox¬ 
ford Instruments, Heliox VL). x' was scaled from the mea¬ 
sured pick-up-coil voltage such that x'(4 K > T^) - 0 and 
x'(0-3 K < Tc) = -1 under ambient pressure. To improve the 
sensitivity by enhancing the sample filling factor, we placed a 
pick-up coil inside the pressure cell as shown in Fig. 1. The 
AC magnetic field was applied parallel to the pressure direc¬ 
tion. The accuracies of the field and pressure directions with 
respect to the crystalline axes were better than 5°. 



Fig. 1. (Color online) (a) Top view of a pick-up coil and a sample on a 
piston. Epoxy surrounds the side surface of the sample to prevent the sample 
from breaking. Grease (Apiezon, N-type) is spread on the top and bottom 
surfaces of the sample to improve the thermal link between the sample and the 
pistons, (b) Side view of the pick-up coil and the sample through a window 
on the outer body of a pressure cell. The coil height is less than the sample 
height. 


3. Results 

Figure 2 shows the temperature dependence of the super¬ 
conducting diamagnetic signal of Sr 2 Ru 04 under in-plane 
UAR Clearly, the diamagnetic signal above the bulk T^. is 
nearly absent at P = 0 but is strongly enhanced by in-plane 
UAR The onset T^, defined as the temperature at which the 
real part of the AC susceptibility, ;^f', starts to decrease, is en¬ 
hanced to 3.3 K both by P||[ioo] and P||[iio]- Interestingly, we 
find that the UAR magnitude dependence of the onset Tc is 


highly anisotropic, as shown in Fig. 3(a): the onset Tc under 
P|l[ioo] is abruptly enhanced to 3.3 K at only 0.05 GRa and re¬ 
mains at 3.3 K for higher pressures, whereas the onset Tc un¬ 
der P||[iio] gradually increases and reaches 3.3 K at 0.2 GRa. 


A 1 (,Hac // P, 2 tiT-rms, 3011 Hz 



Fig. 2. (Color online) Temperature dependence of the real part of the AC 
susceptibility of Sr 2 Ru 04 under (a) R||[ioo] and (b) P||[iio]- Black curves show 
the data taken about one week after releasing the pressure. The insets are 
enlarged views around the SC onset. The aiTows indicate SC onset tempera¬ 
tures, which are defined as the temperature at which x' starts to decrease, x' 
was scaled from the measured pick-up-coil voltage such that (4 K) = 0 and 
^'(0.3 K) = —1 under ambient pressure. 

To further investigate the pressure direction dependence of 
the emergence of the higher-Tc superconductivity, we plot in 
Fig. 3(b) the temperature dependence of the superconduct¬ 
ing diamagnetic signal at 0.2 GRa for P||[ioo] and P||[iio] (this 
study), as well as for P||[ooi] (from Ref. 27). Although the 
higher-Tc superconductivity is induced under all these pres¬ 
sure directions, the shielding fraction in the temperature range 
between the original bulk Tc at ambient pressure and 3.3 K is 
markedly enhanced under R||[ioo]- These anisotropies in the 
shielding fraction and in the pressure dependence of Tc in¬ 
dicate that R||[ioo] is more effective than R||[iio] or R||[ooi] in 
enhancing Tc- 

To obtain information on the spatial distribution of the 
higher-Tc superconductivity, we measured the AC-held mag¬ 
nitude dependence of xkc- As shown in Fig. 4, xkc for the 
higher-Tc superconductivities induced by R||[ioo] and R||[iio] 
is robust against changes in the amplitude of the AC mag¬ 
netic held. These results are similar to that of the higher-Tc SC 
phase induced by out-of-plane UAR,^’ but different from that 
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Fig. 3. (Color online) (a) Comparison of the pressure-magnitude depen¬ 
dence of the onset temperature of the superconducting transition of Sr 2 Ru 04 
among three UAP directions, [100], [110], and [001]. The values of onset Tc 
are determined from AC susceptibility measurements with an AC magnetic 
field of 2 juT-rms and 3011 Hz parallel to the pressure direction, (b) Compari¬ 
son of the temperature dependence of the superconducting shielding fraction 
of Sr 2 Ru 04 among R||[ioo], R||[ 110 ], and P||[ooi]. 


0.2 GPa, MoHac H P. 3011 Hz 



Fig. 4. (Color online) Superconducting diamagnetic signal in Sr 2 Ru 04 un¬ 
der (a) P||[ioo] and (b) P||[iio] for/toHAC = 0.5 and 2.0/tT-rms. The insets are 
enlarged views around the superconducting onset. The two curves coincide 
well with each other, suggesting bulk-like superconductivity. 


of the higher-Tc SC phase in the Sr 2 Ru 04 -Ru eutectic crystal 
under ambient pressure.In the latter ,;[(ac is substantially de¬ 
creased by strong AC-fields, probably due to the filamentary 
nature of superconductivity. Thus, our present result suggests 
that the higher-Tc superconductivity induced by in-plane UAP 
is not filamentary and has a bulk-like nature. 

We also measured the AC susceptibility of Sr 2 Ru 04 about 
one week after releasing the UAP from 0.3 GPa for P||[ioo] 
and from 0.2 GPa for P||[iio], as shown in Figs. 2 and 5. In 
the cases of both P||[ioo] and P||[iio], the onset decreases 
to about 2.5 K, and the shielding fraction is markedly sup¬ 
pressed in the temperature range between the original bulk T^. 
at ambient pressure and 3.3 K. These results indicate that the 
higher-Tc superconductivity under in-plane UAP is induced 
mainly by elastic distortion, although plastic distortion, such 
as dislocation,^® should also play some role because the onset 
Tc after pressure release is still higher than the original value. 

Figure 5 shows the temperature dependence of the imagi- 


Fig. 5. (Color online) Temperature dependence of the imaginary part of the 
AC susceptibility of Sr 2 Ru 04 under (a) Fy^ioo] and (b) P||[iio]- 


nary part of the AC susceptibility of Sr 2 Ru 04 under in-plane 
UAP. As explained earlier, owing to the crystal-symmetry re¬ 
duction by in-plane UAP, two distinct SC phases are expected 
to emerge depending on the temperature, and the imaginary 
part of the AC magnetic susceptibility might exhibit double 
peaks upon probing both the SC transitions. In our experi¬ 
ments, ovAy x”{T) under P||[ioo] of 0.1 GPa exhibits clear dou¬ 
ble peaks. However, these double peaks seem to be naturally 
explained by the inhomogeneity of the lattice distortion over 
the mm-size crystal rather than the double transitions of the 
distinct SC phases, becausealso exhibits double transitions 
and the peak temperatures of x” correspond to the tempera¬ 
tures at which dx' IdT becomes maximum; in SC double tran¬ 
sitions induced by the symmetry reduction, is expected 
to exhibit an anomaly only at the higher Tc, Tc+. We propose 
the following two possibilities as the reason why the second 
transition was not observed. One possibility is that the second 
transition is not accompanied by any dissipation of magnetic 
energy. In this case, other measurements such as specific heat 
are required to detect the double transitions. The second pos¬ 
sibility is the broadness of the actual SC transition: a broad SC 
transition makes the height and width of the x” peak smaller 
and larger, respectively, and results in the smearing of each 
peak. 

4. Discussion 

Previous studies on the Sr 2 Ru 04 -Ru eutectic, Sr 2 Ru 04 un¬ 
der out-of-plane UAP, and Sr 2 Ru 04 around dislocations all 
indicate that Sr 2 Ru 04 has a maximal Tc of about 3 
In this study, we have newly clarified that the higher-Tc SC 
phase is also induced in pure Sr 2 Ru 04 by in-plane UAP. As 
a common feature of these higher-Tc SC phases, the lattice is 
distorted and the in-plane crystal symmetry is expected to be 
reduced at least in part of the sample. Therefore, these super¬ 
conductivities with Tc ~ 3K emerging in the eutectic crystal, 
around dislocations, or under UAP are considered to have a 
common origin: the higher-Tc SC phase is nonchiral with a 
one-component order parameter, whereas the 1.5 K SC phase 
is chiral with a two-component order parameter. The opti- 
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mal Tc of the higher-Tc SC phase is expected to be 3.3 K, 
because the onset is 3.3 K both in Sr 2 Ru 04 under UAP 
and in the Sr 2 Ru 04 -Ru eutectic. 

The discrepancy between our results and the prediction 
based on ultrasonic experiments and the Ehrenfest relation is 
consistent with the scenario that the higher-Tc superconduc¬ 
tivity induced by in-plane UAP is in a phase that is different 
from the phase of the 1.5 K superconductivity under ambient 
conditions. The prediction, which indicates that P||[ioo] sup¬ 
presses Tc, is obtained by assuming an elastic lattice distortion 
and zero-pressure limit.Since the suppression by re¬ 
leasing the pressure as shown in Fig. 2, indicates that the main 
distortion is elastic, the observed Tc enhancement by P||[ioo] in 
contrast to the prediction suggests that the situation is beyond 
the zero-pressure limit. In other words, a marked change in the 
electronic state is expected to be accompanied by the higher- 
Tc superconductivity: for example, a higher-order effect be¬ 
comes nonnegligible or the density of states at the Fermi level 
is changed. 

Compared with other single-layer perovskite superconduc¬ 
tors, the abrupt enhancement under the symmetry reduc¬ 
tion of the lattice is striking. In Fa( 2 _x)SriCu 04 , the pressure 
dependence of is consistent with the prediction based on 
ultrasonic experiments and the Ehrenfest relation.Such a 
difference highlights the uniqueness of the superconductivity 
in Sr 2 Ru 04 : it has a two-component order parameter in the 
tetragonal structure, and orthorhombic lattice distortion leads 
to a new SC phase with a one-component order parameter, 
whereas the superconductivity of Fa( 2 -x)SrxCu 04 remains in 
one phase under orthorhombic lattice distortion. 

Similar to the present study, a recent study on the effect of 
uniaxial strain has revealed that the enhancement is much 
larger for strain along [100] than along [110].^° The symmet¬ 
ric change in between compressive and tensile [100] strains 
supports the scenario that the superconducting order parame¬ 
ter of Sr 2 Ru 04 has two components. The [100] strain results 
shown in Ref. 30 at first glance appear quantitatively differ¬ 
ent from our R||[ioo] results: it was found that Tc is gradually 
enhanced and reaches only 1.9 K at -0.23% strain, which cor¬ 
responds to 0.21 GPa stress in our experiment, according to 
an estimation using the elastic constants in Refs. 22 and 23. 
We can explain this apparently different behavior by consid¬ 
ering the difference in the experimental setups: the pick-up 
coil used in our measurements surrounds the entire sample, 
as shown in Fig. 1, and detects the whole magnetic signal 
originating from the sample, whereas the pick-up coil used 
in Ref. 30 is much smaller than the sample and is located at 
the center of the sample, and thus detects the susceptibility 
only of the central region, which is expected to be more ho¬ 
mogeneously strained. Thus, the superconducting signal ob¬ 
served in our study is dominated by regions with higher Tc- In 
fact, resistivity measurements"^' have revealed that the sam¬ 
ple under strain contains a part with a much higher than 
that probed by AC susceptibility. The qualitative difference 


between the effects of [110] strain and pressure is also at¬ 
tributable to pressure inhomogeneity: near the region close 
to the piston, the crystal is probably also distorted along the 
directions perpendicular to the pressure. Nevertheless, the ef¬ 
fectiveness of R||[ioo] in inducing the higher-Tc SC phase ob¬ 
served in this study is clear and consistent with the results of 
the uniaxial strain experiments.^" 

Notably, the effect of Ri|[ioo] in inducing the higher-Tc SC 
phase is greater in pure Sr 2 Ru 04 (this study) than in typi¬ 
cal Sr 2 Ru 04 -Ru eutectic crystal (Ref. 35): for example, the 
diamagnetic susceptibility at 2.5 K reaches ~ 10% at only 
0.05 GPa in pure Sr 2 Ru 04 , whereas it is only 5% at 0.45 GPa 
in the eutectic crystal. These results exclude the possibility 
that the higher-Tc SC phase in our P||[ioo] experiments origi¬ 
nates from the Sr 2 Ru 04 -Ru eutectic part in our samples which 
is too small to be detected under ambient conditions, and con¬ 
firm that P||[ioo] can induce the higher-Tc SC phase in pure 
Sr 2 Ru 04 . This possibility is also excluded for the case of 
P||[ii 0 ] for the following reason. If the Sr 2 Ru 04 -Ru eutectic 
part in the sample is assumed as the origin of the higher-Tc 
SC phase under P||[iio], the eutectic region is estimated to be 
as much as 2/13 of the whole sample by comparison of the 
shielding fraction at 2 K under P||[iio] of 0.2 GPa between the 
eutectic sample described in Ref. 35 and our Sr 2 Ru 04 sam¬ 
ple. However, this estimated value is less likely, because no 
Ru inclusion is observed on the sample surface under an op¬ 
tical microscope and no higher-Tc superconductivity emerges 
under ambient pressure. 

Next, we discuss the origin of the difference between the ef¬ 
fects of P||[ioo] and P||[iio] on the evolution of the higher-Tc SC 
phase. For P||[ioo], half of the in-plane Ru-O bonds are parallel 
to the pressure direction and the other half are perpendicular 
to it, whereas for P||[iio], all the in-plane Ru-O bonds are at 45° 
to the pressure direction. The direct compression by P||[ioo] of 
the Ru-O bonds along the pressure direction will result in the 
substantial shortening of these in-plane Ru-O bond lengths 
and Tc enhancement with smaller pressure. As another as¬ 
pect of the effect of P||[ioo], it has been pointed out from the 
band calculation that the y Fermi surface, which probably 
plays an active role in the superconductivity of Sr 2 Ru 04 , ap¬ 
proaches to the van Hove singularity at the M point.This 
tendency should also be important for the emergence of the 
higher-Tc SC phase under R||[ioo] of only 0.05 GPa. As a fu¬ 
ture project, the measurement of de Haas-van Alphen oscilla¬ 
tions is a promising technique for following the evolution of 
the Fermi surfaces of Sr 2 Ru 04 under in-plane UAP. 

The anisotropic pressure dependence of Tc, dTddP, under 
P||[ioo] and P||[iio], is related to coefficients in the Ginzburg- 
Fandau free energy."'^ The Gibbs free energy Fgl and the 
coupling energy Fcoupie between the crystal lattice deforma- 
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tion and the SC order parameter are described as follows: 

^’gl - r,o)(|'Pxl' + I'P.P) + + I'i'yff 

+ b2\^,f\'i'yf + + ^y'¥f) , 


induce the same under P||[no]- The fact that i^iKioo] is more 
effective in inducing a higher-Tc SC phase is considered to 
be closely related to the direct shortening of the Ru-O bond 
(1) length and the approach of the y Fermi surface to the van 
Hove singularity under F||[ioo]- 


Fcouple “ 

In the above description, a two-component SC order param¬ 
eter ('f'x, T'j,) is assumed and Fco is the transition tempera¬ 
ture under ambient pressure, a' is a coefficient with a positive 
sign to express the temperature-linear term of Fgl- ct; are the 
stress tensor components {i- 1,... 6 using the Voigt notation). 
The matrix dij has the same symmetry properties as the elas¬ 
tic compliance matrix Sij appropriate for tetragonal symmetry. 
The nonzero components of Ej are £1 = £2 = and 

E(, - + T'x'T*. By minimizing the sum of these energies, 

£gl + £coupie, the transition temperature of the higher- Tc SC 
phase with a one-component order parameter £ 0 + is obtained 
as a function of the magnitude cr of compression stress (cr > 
0): 

£c+ = £c 0 - -d\i (under £||[ioo]), (3) 

a 

cr 

£c+ = £c 0 - + di 2 + dee) (under £||[iio]) ■ (4) 

Za 

The large enhancement under £||[ioo] indicates that dn < 
0, whereas the small suppression under £||[iio], which is 
considered to be intrinsic, indicates that (c/n -H c /12 + dee) ^ 0. 
From these relations, we can obtain 

-c /11 < c /12 + dee ■ (5) 

For further quantitative discussion, the effects of UAP for dif¬ 
ferent pressure directions should be measured using samples 
with the same T^. Note that the original values of T^. were 
different among the samples used for the £||[ioo]j ^||[no]j and 
^ll[ 00 i] experiments. 

Lastly, we discuss the origin of the strange upturn behavior 
between 2.4 and 1.3 K observed iny' under £||[iio] of 0 GPa, 
which is shown in the inset of Fig. 2(b). It is unlikely to be 
due to Langevin-type paramagnetic impurities for the follow¬ 
ing reasons. The amount of assumed paramagnetic impuri¬ 
ties from fitting the susceptibility data is about 10^ ppm. This 
value is unrealistically large for our samples since the upper 
bound of the amount of impurities is estimated to be about 
700 ppm from its bulk T^, which is 0.6 K lower than the opti¬ 
mal Tc of 1.5 We suggest the possibility that a magnetic 
impurity phase macroscopically exists in this sample. 

5. Summary 

We measured the AC susceptibility of Sr 2 Ru 04 under in¬ 
plane UAP and have clarified that the onset temperature of 
the superconducting transition is enhanced to 3.3 K both by 
£||[ioo] and £i|[iio]- The maximal Tc of 3.3 K is obtained at 
only 0.05 GPa under £||[ioo], whereas 0.2 GPa is required to 
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